Association between the Particles of Raspberry Ringspot and Tobacco Rattle Viruses in Doubly Infected
Nicotiana benthamiana Cells and Protoplasts (Accepted 2 May I977) SUMMARY Electron microscopy of ultrathin sections indicated that nucleoprotein particles of raspberry ringspot (RR¥) and tobacco rattle (strain CAM; TRV-CAM) viruses occurred in mixed aggregates in cells of doubly infected Nicotiana benthamiana leaves, and in protoplasts doubly infected by inoculation. RRV particles were attached to the sides and ends of TRV-CAM particles that were mostly bound to mitochondria. RRV particles attached to TRV-CAM particles linking mitochondria in clusters are considered to be the structures represented by the aggregates of RRV particle antigen found previously by fluorescent antibody staining in doubly infected protoplasts but not in those infected with RRV alone.
Two to three days after inoculation of tobacco protoplasts with raspberry ringspot virus (RRV), virus particle antigen is generally distributed through the cytoplasm, as shown by staining with fluorescein-conjugated antibody to RRV. However, when protoplasts are inoculated with both RRV and tobacco rattle virus (CAM strain; TRV-CAM), RRV antigen is found predominantly in numerous small aggregates in most of the doubly infected protoplasts (Barker & Harrison, I977a ) . These aggregates are produced by serologically distinct strains of RRV, but the phenomenon was not observed when tomato black ring virus, another nepovirus, was substituted for RRV, or when strains PRN or HSN of tobacco rattle virus, or tobacco mosaic virus, were substituted for TRV-CAM (Barker & Harrison, I977b) . The RRV antigen aggregates are produced only in protoplasts that also synthesize TRV-CAM nucleoprotein and seem not to result from enhanced accumulation of RRV. They also occur in protoplasts from leaves of doubly infected Nicotiana benthamiana plants. Moreover, Barker & Harrison (r977b) found that when purified preparations of RRV and TRV-CAM are mixed in vitro, aggregates containing particles of both viruses form, and this reaction has the same virus and strain specificity as the production of RRV antigen aggregates in vivo.
The distribution of TRV particle antigen in doubly infected protoplasts is like that in protoplasts infected with TRV-CAM alone. TRV particle antigen occurs during the earlier part of the multiplication cycle as small granules thought to represent the long virus particles attached to mitochondria; later, increasing numbers of the short particles accumulate throughout the cytoplasm, which then stains more generally with TRV-CAM antibody (Harrison et al. I976 ) . Barker & Harrison 0977b) deduced that the production of RRV antigen aggregates in vivo results from a redistribution of RRV particles or coat protein within the protoplast, and suggested that this occurs because of the affinity between RRV particles or coat protein subunits and TRV-CAM nucleoprotein particles, the longer of which accumulate mainly on the surface of mitochondria (Kubo et al. I975) .
We have now examined in the electron microscope ultrathin sections of singly and doubly infected cells and protoplasts to obtain further evidence on the nature of the RRV antigen 
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Leaf tissue was fixed, embedded, stained and sectioned as described by Jones, Kinninmonth & Roberts (I973). Protoplasts were prepared, inoculated, cultured, stained with fluorescein-conjugated antibody to virus and examined essentially as described by Kubo et al. (I975) and Barker & Harrison (I977a, b) . They were prepared for electron microscopy as described by Kubo et al. (I976) .
In preliminary experiments, using tobacco cv. Xanthi protoplasts inoculated with RRV and TRV-CAM, alone or together, the particles of RRV were rarely recognized in infected protoplasts by electron microscopy of ultrathin sections, although a large proportion of protoplasts inoculated with both viruses contained TRV-CAM antigen and RRV antigen aggregates as shown by staining with fluorescent antibody. However, by examining ultrathin sections, an association between the particles of the two viruses was found in Nicotiana benthamiana protoplasts inoculated 3 days previously. In the protoplasts inoculated with both viruses, the long particles of TRV-CAM were attached at their ends to mitochondria, as in singly infected tobacco protoplasts (Kubo et al. ~975) , and isometric particles presumed to be those of RRV were associated with the sides and ends of the TRV-CAM long particles ( Fig. [ a) ; 55 ~ of these protoplasts contained RRV antigen aggregates and 74 stained with TRV-CAM antibody. No such isometric particles were associated with TRV-CAM particles in protoplasts inoculated with TRV-CAM only. More extensive associations of particles of the two viruses were found (Fig. I b) in mesophyll cells of systemically infected N. benthamiana plants inoculated IO to I I days previously with both viruses and showing obvious leaf symptoms, and in protoplasts prepared from this tissue (Fig. 2) . In two experiments, staining with fluorescent antibody to virus particles showed that 34 and 45 ~ of these protoplasts contained RRV antigen aggregates and 84 and IOO ~ contained TRV-CAM antigen. No isometric particles were associated with TRV-CAM particles in N. benthamiana leaf tissue systemically infected with TRV-CAM alone or in protoplasts, 89 and IOO ~ of which stained with TRV-CAM antibody, prepared from the tissue.
The isometric particles in doubly infected protoplasts were associated with both long and short TRV-CAM particles attached to mitochondria (Fig. z) . Most of the isometric particles were associated with the sides of TRV-CAM rods, rows of up to two particles with the short rods and up to seven or eight with the long ones (Fig. 2 c) . Taking the lengths of the rods as I97 and 52 nm (Harrison & Woods, I966) and the diameter of RRV particles as 25 to 3o nm, the RRV particles seem often to be positioned close together along TRV-CAM rods. The apparent lack of contact between the isometric particles is presumably because only their RNA-containing cores are stained. In a few instances the isometric particles were mainly at the ends of TRV-CAM rods (Fig. 2b) . Nearly all the isometric particles stained intensely, suggesting that they contain nucleic acid, and no particles resembling the nucleic acid-free top component of RRV (Murant et al. I972) were observed in association with TRV-CAM rods, although it is not certain that they would have been preserved or stained sufficiently to be resolved.
In some protoplasts prepared from doubly infected leaves as many as 15 mitochondria in a section were linked by TRV-CAM particles interspersed with RRV-like particles (Fig. 2 a) . Such clusters would presumably be easily recognized as antigen aggregates in protoplasts stained with antibody to either virus. Occasionally, RRV-like particles were found among masses of randomly orientated TRV-CAM particles which were possibly not associated with mitochondria. These aggregates were usually at the edge of, but not within, the vesiculated bodies typically induced in protoplasts by raspberry ringspot virus, and which are largely composed of membranous material (Barker & Harrison, I977a ) . However, such aggregates were not studied in detail.
The association of particles of the two viruses in intact N. benthamiana leaf tissue as well as in protoplasts infected by inoculation suggests that the occurrence of RRV antigen aggregates in doublyinfected protoplasts is not an artifact of the method of handling protoplasts or of the technique of fixation and staining for fluorescence microscopy. We conclude that the RRV antigen aggregates are produced by attachment of RRV nucleoprotein particles to TRV-CAM nucleoprotein particles bound to mitochondria, and that in this way RRV particle antigen comes to assume a distribution in doubly infected N. benthamiana cells or protoplasts that is similar to that of TRV-CAM long particles. We cannot exclude the possibility that RRV protein subunits attach to TRV-CAM particles in these double infections, but have no direct evidence that this occurs.
The intracellular association of virus particles described in this paper resembles superficially that found by electron microscopy in cocksfoot plants infected with cocksfoot mild mosaic and cocksfoot streak viruses (Chamberlain & Catherall, I976) , which have isometric and filamentous particles respectively, but in this instance the virus particles were not attached to mitochondria. 
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